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呼吸道疾病，亦有研究表明 NAC 具有提高 G6PD 活性的作用。本课题旨在探究
G6PD 在糖尿病视网膜病变及缺氧所致内皮细胞损伤中的变化及机制。 
研究方法：本课题首先构建了 STZ 诱导 1 型糖尿病 SD 大鼠模型，通过尾静脉
注射 FITC-Dextran 荧光显微镜下观察视网膜渗漏，视网膜铺片染色观察周细胞
丢失，以及 Real-Time PCR 检测视网膜 G6PD 的 mRNA 水平。体外实验中，采
用 CoCl2 模拟缺氧刺激 EAHy.926 细胞，运用 Western Blot 检测 G6PD 蛋白的表
达，G6PD 活性试剂盒检测 G6PD 的活性，NADPH/NADP+试剂盒检测
NADPH/NADP+，EdU 染色检测细胞的增殖，CCK-8 试剂盒检测细胞的活力，
Matrigel 血管生成实验检测细胞成管能力，以及 Real-Time PCR 检测 VEGF、IL-
1β 和 IL-6 的表达情况。 
研究结果： 1）在非增殖性糖尿病视网膜病变 (Non-Proliferative Diabetic 
Retinopathy,NPDR)模型中 G6PD 的 mRNA 水平显著下降；细胞在缺氧刺激下
G6PD 蛋白表达及活性明显下降，细胞增殖、活力和成管能力也下降， VEGF、
IL-1β 和 IL-6 表达明显升高；6-AN 阻断 G6PD 的活性后可显著抑制内皮细胞的
增殖、活力以及成管能力，提高 VEGF、IL-1β 和 IL-6 的水平；2）NAC 可有效
阻断 CoCl2 引起的 G6PD 活性下降；3)NAC 可以很大程度上缓解缺氧刺激下细
胞的增殖、活力、成管能力的下降及抵抗 VEGF、IL-1β 和 IL-6 的升高 4）NAC
对缺氧损伤的改善效果在通过抑制剂阻断 G6PD 活性的情况下显著减弱。 
研究结论：本课题表明了 G6PD 在糖尿病视网膜病变模型中显著下降；同时内皮
细胞在缺氧刺激下 G6PD 蛋白表达和活性下降，从而引起细胞的增殖、活力和血



































OBJECTIVE: Diabetic retinopathy is the leading cause of vision impairment in adults 
in Western world, its pathogenesis is not very clear .Pentose Phosphate Pathway (PPP), 
also known as hexose monophosphate shunt, is an important shunt of glucose 
metabolism. Many researches have demonstrated its important role in tumorigenesis, 
cell proliferation and antioxidation. N-acetyl cysteine (NAC) ,a well-known medicine 
with excellent antioxidant and anti-inflammatory effect has been widely applied in 
treatment of acute cough respiratory diseases to dissolve phlegm for many years. 
Previous studies have shown that NAC can enhance the activity of G6PD. This present 
study aims at exploring the change of G6PD in diabetic retinopathy and hypoxia 
induced endothlial cell injury and the underlying mechanism is discussed. 
METHODS: In this study, STZ-induced type 1 diabetic animal model was established. 
We observed retinal leakage using fluorescence microscope by injecting FITC – dextran 
from tail vein and pericyte loss using retinal whole mount staining. In vitro EA.Hy926 
were simulated with CoCl2. We detected G6PD protein expression by Western Blot, 
G6PD activity and NADPH/NADP+ by relative assay kit. Cell viability, proliferation 
ability and tube formation ability were measured by CCK- 8 assay kits and EdU assay 
kit and matrigel tube formation assay. Expression of inflammatory/angiogenic 
cytokines were determined by Real-Time PCR. 
RESULTS：1)G6PD mRNA was decreased significantly in the non-proliferative 
diabetic retinopathy ,indicating that G6PD could be involved in the pathogenesis of 
diabetic retinopathy. Of note, in vitro study hypoxia stimulation could also decrease  
G6PD protein level and activity, cell proliferation, viability and tube formation ,and 
increase the level of VEGF,IL-1β,IL-6 . Treatment with 6-AN, an inhibitor of G6PD 
activity, could also inhibit cell proliferation, viability and tube formation ability , and 
could increase the level of VEGF,IL-1β,IL-6. 2)NAC treatment increase G6PD activity 
without affecting G6PD expression;3)NAC could significantly abrogate decrease of 















induced by hypoxia; 4)Furthermore, addition of 6-AN could efficiently abrogate the 
effect of NAC to rescue hypoxia induced cell lesions including decrease of cell viability, 
proliferation, tube formation and increase of VEGF,IL-1β,IL-6. 
CONCLUSIONS: This research demonstrate that hypoxia could induced decrease of 
G6PD expression and activity in endothelial cells, which further leaded to reduction of 
cell proliferation , viability , tube formation and increase of VEGF/IL-1β/IL-6. NAC 
can rescue the decrease of G6PD activity under hypoxia stimulation, so as to improve 
cell damage . These results suggested that G6PD may play an important role in the 
pathogenesis of diabetic retinopathy, NAC could be a potential approach for therapy of 
diabetic retinopathy targeting G6PD. 
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第一章 前 言 
1 
 
第一章 前 言 
糖尿病视网膜病变是成人视力受损的主要原因，也是糖尿病最常见的并发症，
约三分之一的糖尿病患者会发生糖尿病视网膜病变，预计 2030 年时，糖尿病患









周细胞丢失、内皮细胞的损伤、血视网膜屏障（Blood Retinal Barrier, BRB）的破
坏、视网膜微血管渗漏及水肿、视网膜血管基底膜逐渐增厚等，这些损伤随着糖
尿病的进展而加剧，最终导致糖尿病视网膜病变的发生[3]。 
临床工作中注意到，DR 一旦发生则不可逆。对于 DR 的早期治疗主要依赖






























（Transaldolase, TALDO1）把五碳糖转化成糖酵解的中间产物。G6PD 是 PPP 氧
化分支中的第一个关键酶，起到控制葡萄糖进入 PPP 流量的作用，因此本研究中
以 G6PD 为切入点探讨磷酸戊糖途径在糖尿病视网膜病变中的作用。 
目前 G6PD 在细胞代谢、增殖以及肿瘤发生中的相关研究较多，在多种肿
瘤细胞中均发现 G6PD 的表达增高[6]，这与它催化合成的 NADPH 在蛋白、脂质
和核苷酸等细胞增殖所需的大分子物质中的必要性密切相关；在人类肿瘤细胞中
P53 相关蛋白 TAp73 有激活 G6PD 表达促进细胞的增殖和肿瘤发生的作用[7]；在
牛主动脉内皮细胞中敲降 G6PD 的表达会导致细胞的增殖和血管生成能力降低，
而用腺病毒过表达 G6PD 则显著提高内皮细胞的增殖和血管生成能力[8]。在白血
病中白血病细胞的增殖主要依赖于 PPP 限速酶 G6PD，敲除 G6PD 的表达会限制
白血病细胞的增殖[4]。 
此外，G6PD 也参与调控氧化应激和炎症。在脂肪细胞中过表达 G6PD 可以





因此细胞需要通过激活 PPP 途径以增加 NADPH 来维持细胞的还原能力[10]。有
研究提出在肝细胞、肝癌细胞、纤维母细胞中直接敲除 G6PD，IL-8 的表达明显
提高[11]。IL-1β 刺激可导致高糖培养下的人主动脉平滑肌细胞(HASMC)摄入的葡
萄糖增多，并进入 PPP 通路代谢，从而导致 NADPH 氧化酶过度激活，最终引起
自由基的增加及下游促炎信号通路的激活[12]；在人类脂肪组织中，G6PD 的
mRNA 水平与巨噬细胞标志物（CD68 和 Mac1) 以及 MCP-1 的表达成正相关，
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